Brain slices of varying thickness were used to modify retention of metabolic products in an in vitro model of ischemia. Past and present results reveal in creased anaerobic glycolysis in 660-J..l m slices with accu mulation of lactate as slice thickness reaches 1,000 J..l m. Brain slice glucose utilization and lactate content were measured in buffers of various extracellular K + levels and pH in 540-, 660-, and 1,000-J..l m slices. Acidosis sup presses glucose utilization at all slice thicknesses without affecting tissue lactate. Studies of 2-deoxyglucose metab olites establish that the suppression of glucose utilization by acidosis is due entirely to inhibition of glucose phos phorylation without any effect on glucose uptake into tis- (1983) The cortical ischaemic penumbra associated with oc clusion of the middle cerebral artery in the cat: 2. Studies of histopathology, water content, and in vitro neutransmitter uptake. J Cereb Blood Flow Metab 3:97-108
During cerebral ischemia, impaired delivery of substrates and reduced removal of metabolic prod ucts cause cell dysfunction and, potentially, cell death. Reduced delivery of O 2 disrupts the efficient production of A TP so that levels fall (MacMillan and Siesjo, 1972; Kopp et al. , 1984; Crockard et al. , 1987; Gyulai et al. , 1987) . If there is continued de livery of glucose, then glycolysis increases to com pensate, although the rate of glycolysis is insuffi cient to maintain ATP levels and metabolic acids are produced (Rehncrona et al. , 1981; Sako et al. , 1985) . As the tissue energy state deteriorates, neu rons begin to depolarize owing to difficulty in main taining their ion gradients so that K + and neuro transmitters are released into the extracellular space (ECS), Na + and Ca 2 + accumulate intracellu larly, and second messenger systems, including the sue. The inhibition is reversible after 45 min at pH 6.1. The experiments with acidosis also suggest that persistent energy demands continue to stimulate phosphofructoki nase despite the low pH so that glycolysis continues, with potential for injury. Increasing K + increases glucose uti lization and tissue lactate at all three thicknesses. Corre lations of glucose utilization with lactate accumulation support the possibility that high K + may exert a dual influence on the tissue metabolism, not only stimulating glucose utilization by inducing depolarization but also by influencing the removal of metabolic products. Key Words: Acidosis-Brain slice-Glucose utilization Ischemia-Potassium. arachidonate cascade, are activated (Astrup et al. , 1977; Erecinska et al. , 1984; Harris and Symon, 1984; Simon et al. , 1984) . These consequences of falling A TP are accentuated by the reduced elimi nation of substances from the brain during reduced blood flow. Glial cells may initially generate bicar bonate in an effort to buffer the neuronal lactic ac idosis, but eventually this mechanism fails as CO2 cannot be cleared from the tissue and lactic acid accumulates (Kraig et al. , 1985) . Similarly, glial cells may eventually fail in their effort to clear K + and neurotransmitters from the ECS. The net result of these events is that, despite the absence of nor mal electrical neuronal activity, ischemic brain tis sue has large persistent energy demands. Compen satory glycolytic metabolism and inability to clear metabolic waste products result in severe tissue ac idosis with the potential for infarction (Kraig et al. , 1987) . Many of the details of these events remain uncertain, however, including the exact sequence during ischemia, how these various factors interact, which factors are necessary for producing irrevers ible tissue injury, and which are merely associated with ischemia. It is essential that these questions be answered to obtain the dual therapeutic goals of reducing tissue injury during ischemia and achiev ing tissue reoxygenation without increasing tissue injury.
A wide spectrum of mammalian models of isch emia that closely mimic the sequence of events in humans (Brown and Brierley, 1972; Pulsinelli et aI. , 1982; Strong et aI. , 1983; Meyer et aI. , 1986; Ned ergaard et aI. , 1986) have been employed. How ever, controlling individual factors can be difficult in vivo. At the opposite extreme, models that em ploy brain cells in culture or isolated subcellular fractions permit the effects of single factors to be studied on a single cell type or organelle, but lack the cell-cell interactions that may influence the course of ischemic events (Pastuszko et aI. , 1981; Goldberg et aI. , 1987) . Brain slices are between these two ends of the spectrum (Whittingham et aI. , 1984; Kass and Lipton, 1986; Schiff and Somjen, 1987; Schurr et aI. , 1987) . As models of ischemia, they are flawed because there is no blood flow or active blood-brain barrier and because it is neces sary to induce tissue ischemia during decapitation to isolate the slice. On the other hand, most of the cells and intercellular connections remain intact in the slice and it is possible to rapidly alter individual factors in the slice environment. Our own research with brain slices as models of ischemia focuses on using slice thickness to increase diffusional dis tances in an effort to more realistically model the reduced removal of metabolic products that occurs during ischemia in vivo (Newman et aI. , 1988) . By studying a range of slice thicknesses, varying de grees of ischemia can be reproduced. In our cham ber, 540-ll-m slices appear closest to a physiological state, while slices that are 660-ll-m thick show a narrow central core of anaerobic glycolysis and 1 ,OOO-Il-m slices show abnormal glucose metabolism at the surfaces as well as in the center, accumulate high levels of lactate, and show increased cell swell ing and the early morphological changes of isch emia. Others have shown that K + progressively ac cumulates in the ECS as slice thickness increases (Lipinski and Bingmann, 1986) . Taken together, these results suggest that 660-ll-m slices represent a model of minimal tissue ischemia and I,OOO-ll-m slices represent moderate ischemia. More severe ischemia can be created by removing O2 and glu cose from the thick slices (Newman et aI. , 1989) . Thick slices thus differ from the more commonly used 450-ll-m slices in that they cannot be returned to physiological conditions, but they do result in accumulation of metabolic products. Brain slice glucose utilization, which is a modification of the original in vivo 2-deoxyglucose (2DG) radiotracer method (Sokoloff et al. , 1977) , provides information that is directly relevant to issues of tissue ischemia and makes it possible to monitor slices even though the thick slices are electrically silent. In this article we focus on the effects of increased extracellular K + and acidosis on glucose utilization in brain slices of increasing thickness.
MATERIALS AND METHODS

Tissue preparation
Tissue preparation methods and our slice incubation system have been described in detail (Newman et al., 1988 (Newman et al., , 1989 . Male Sprague-Dawley rats weighing 175-225 g were caged unrestrained in groups of three at 22°C in a 12: 12 light-dark cycle with free access to food and water and killed by decapitation. The brain was removed via a posterior approach to avoid traction on the optic nerve, and the hypothalamus was block dissected in ice-cold Krebs-Ringer with 8 mM phosphate isolation buffer at pH 7.37 and sliced coronally at the appropriate thicknesses on a Smith-Farquhar tissue chopper (Sorvall, DuPont, Wilmington, DE, U.S.A.). Slices of 540, 660, and 1,000 fl.m were prepared from each rat, separated in cold, ox ygenated isolation buffer under a dissecting microscope, transferred to incubation rings, and placed in the prein cubation chamber in under 5 min. All slices were selected from the 4-5 mm of hypothalamus centered about the optic chiasm to maintain maximum tissue homogeneity. Slices were preincubated in Krebs-Ringer at 37°C flowing at 2.2 mllmin with the following concentrations (in mM):
NaCi, 129; MgS0 4 , 1.3; NaHC03, 22.4; KH2P0 4 , 1.2; KCl, 3.0; glucose, 10.0; and CaCI2, 1.5; there was an atmosphere of pre humidified 95% 02/5% CO2 flowing at 75 mllmin entering the chamber with buffer as previously described (Newman et aI., 1989) . The pH was maintained at 7.38 ± 0.01 (Orion Research, Boston, MA, U.S.A.), osmolarity was 305 ± 2 mOsmol (Wescor, Logan, UT, U.S.A.), and P02 was 715 ±4 mm Hg (Corning, Corning, NY, U.S.A.). All solutions were prepared with 17 MO deionized water (Barnstead, Boston, MA, U.S.A.). All salts and laboratory reagents were of cell culture grade (Sigma, St. Louis, MO, U.S.A.).
Experimental incubations
After 75 min of preincubation, slices were transferred in their rings or by wide-bore pipet to incubation cham bers arranged to recirculate 14 ml of Krebs-Ringer buffer at 37°C containing 0.2 fl.Cilml of [1 4 C]2DG (spec. act. >50 mCilmmol; Amersham) flowing at 4.4 mllmin with con tinuous bubbling of humidified 95% 02/5% CO2 through the buffer as it entered the chamber. Incubations were terminated after 45 min by removing the rings from the incubation chamber, rinsing them with 10 ml of warm preincubation buffer, and placing them back in the prein cubation chamber for 30 min of rinse. At the end of the rinse period, the slices were frozen in isopentane at -80°C and stored overnight at -80°C. Bath radioactivity was determined by averaging the results of 50-fl.1 samples taken at the beginning and end of each incubation since radioactivity declined by 2-3% during the 45-min incuba tions.
Extracellular K + (K�) was increased by substituting KCI for NaCI to produce the desired K + buffer concen-tration. Extracellular pH (pHe) was adjusted by reducing the concentration of NaHC03 in the buffer based on es timates using the Henderson-Hasselbach equation with osmolarity compensation by increasing N aCI and final pH adjustment by titration with NaHC03. The altered buffer was continued throughout the 45 min of radioisotope ex posure and isotope-free rinse. For production of revers ible acidosis, 540-j.Lm slices were preincubated for 75 min, exposed to pH 6.1 for 45 min, returned to pH 7.4 for 45 min, and then incubated with [1 4 C]2DG for glucose utili zation as discussed below, with controls preincubated for an equivalent period of time at pH 7.4 without exposure to acidosis. Buffer was continuously gassed with prehu midified 5% C02/95% 02 '
Glucose utilization
The optic chiasm, anterior commissure, and all other visible white matter were dissected away from the frozen slice on a dry ice plane. The frozen hypothalamic gray matter was then placed in a glass microhomogenizer (Kontes, Vineland, NJ, U.S.A.) and homogenized to a frozen slurry in 3 aliquots of ice-cold 0.6 M perchloric acid totaling 200 j.LL The homogenate was microfuged at 4°C at 15,000 g for 15 min. The supernatant was colored with 3 j.Ll of methyl orange, brought to pH 10 with 48 j.Ll of 3 M KOH, and kept on ice for 15 min. The resulting perchlorate precipitate was removed by recentrifugation as above and the supernatant brought to a final volume of 1.0 ml in a volumetric flask. The protein pellet was solu bilized in the sealed homogenization flask with 500 j.Ll of 1 N NaOH in the oven at 60°C for 1 h and then neutralized with 500 j.Ll of 1 N HCL The perchlorate pellet was solu bilized in 500 j.Ll of water. Radioactivity for 200-j.Ll frac tions of the soluble perchlorate extract and solubilized protein pellet and the entire solubilized perchlorate pre cipitate pellet were counted in a scintillation counter (Packard Tri-Carb, Sterling, VA, U.S.A.) for 10 min. For whole-slice glucose utilization, total tissue radioactivity was calculated by summing radioactivity in the soluble, protein, and perchlorate precipitate fractions.
Whole-slice glucose utilization was calculated using a rate equation based on a modification of the original con cept of 2DG radiotracer kinetics (Sokoloff et aI., 1977) using a six-compartment, nine-parameter kinetic model with the form of the equation chosen to minimize errors due to uncertainty in the rate constants (Newman et aI., 1990) :
where C/ is the total tissue radioactivity (nCi/g tissue) and C p * is the bath radioactivity (nCi/mi). In applying this equation for Ri, the value of C/ is determined by mea suring total tissue radioactivity, normalizing for protein content (Lowry et aI., 1951) to obtain radioactivity in nanocuries per milligram protein, and multiplying by 84 mg proteinig tissue as previously determined (Newman et al., 1988) for hypothalamic slices to obtain tissue radio activity in nanocuries per gram tissue. The value of Cp is J Cereb Blood Flow Metab, Vol. 11, No.3, 1991 the glucose concentration in the chamber perifusate (10 mM), To is the duration of incubation (45 min), and � is the duration of rinse (30 min). The values of the lumped constant LC, the rate constants KI *, k2 *, and k3 *, and the coefficients E(i), B(i), M(i), G(i), and Ai are determined as previously described (Newman et aI., 1990) . The values used for 540-and 1 ,000-j.Lm hypothalamic slices were de rived experimentally, while the coefficients for the 660-j.Lm slice employed values of KI*' k2*' k4*-ks*, and LC of the 540-j.Lm slice but k3 * of the 1 ,000-j.Lm slice, since our earlier study (Newman et aI., 1988) demonstrated lev els of 2DG in the 660-j.Lm slice to be similar to those in the 540-j.Lm slice but rates of phosphorylation (k3 *) similar to that in the 1,000-j.Lm slice and rate constants k4 * -kg * sim ilar at the two slice thicknesses.
Column chromatography
Metabolism of 2DG in 1,000-j.Lm slices under acidic conditions was also studied in slices incubated with P 4 C]2DG as above but then rapidly frozen with only a very brief pour-rinse of 10 ml of warm, oxygenated Krebs-Ringer buffer to remove incubation buffer adher ent to the slice surface. The slices were extracted as de scribed above for glucose utilization, but then the per chlorate extract was subjected to column chromatogra phy to permit measurement of the individual volumes of distribution for 2DG, V d(2DG), and 2-deoxyglucose-6-phosphate (2DG6P), Vd(2DG6P). Column chromatogra phy was performed with corrections for residual soluble radioactivity trapped in the protein or perchlorate pellets as previously described (Newman et aI., 1990) . Radioac tivity of the neutral column fraction was normalized for bath radioactivity and protein content as above to obtain Vd(2DG) expressed as milliliters per gram tissue. Simi larly, V ct<2DG6P) was calculated from the measured ra dioactivity of the acidic column fraction. No correction in V d(2DG) was made for the small amount of acid-labile compounds expected to be present after 45 min of isotope incubation (Newman et aI., 1990) .
Lactate analyses
Lactate was measured in a 200-j.Ll sample of the same soluble perchlorate extracts used for calculation of glu cose utilization by the enzymatic assay method of Noll (1984) with five-fold excess enzymes and substrates as discussed to ensure completion of the reaction within 15 min. Lactate concentrations were expressed as nano moles per milligram protein.
Statistics
All results are presented as means and standard devi ations with sample size as shown in the figures or table. MUltiple t tests were performed with Bonferroni correc tion for the number of comparisons.
RESULTS
Glucose utilization of 540-f.Lm-thick hypothalamic slices incubated at pRe 7. 4 with 4. 2 mM K; is 41. 2 ± 1.8 f.Lmo1l100 g/min, very similar to the value of 43 f.Lmo1l100 glmin observed in vivo for hypothala mus (Schmidt et al. , 1989) . Slices that are 660 f.Lm thick have a higher metabolic rate of 66.4 j.LmolilOO glmin with much greater variability, while glucose utilization increases still further for 1,000-j.Lm slices to 88.9 j.Lmoll100 g/min. Corresponding slice mean lactate values are 14.5, 22.3, and 63.2 nmol/mg pro tein for the 540-, 660-, and 1,000-j.Lm slices, respec tively. The value of lactate in the 540-j.Lm slice is -75% higher than that observed in situ and slightly less than previously reported for brain slices (Rolleston and Newsholme, 1967; Whittingham et al., 1984) .
The effects of extracellular acidosis on slice glu cose utilization and lactate are shown in Fig. 1 . There is a consistent suppression of glucose utiliza tion by increasing acidosis at all slice thicknesses. However, even at pHe 6.1, glucose utilization in the 1,000-j.Lm slice remains above that of the 540-j.Lm slice at physiological pH. Despite the large changes in glucose utilization with pHe and the large differ ences of lactate as slice thickness increases, there is no consistent change in slice lactate accumulation at any slice thickness as acidosis increases.
The effects of increasing K; on brain slice glu cose utilization and lactate are shown in Fig. 2 . For each of the three slice thicknesses, increasing K; produces a corresponding increase in glucose utilization. At K; of 4.2 and 8 mM, there is a con sistent trend of increasing glucose utilization as slice thickness increases. However, with 20 mM K; , glucose utilization is maximal in the 660-j.Lm slice. At all K; values, tissue lactate increases as slice thickness increases. Unlike the experiments with acidosis, there is good correlation between glu cose utilization and lactate, although the correspon dence does not always hold. For example, the lac tate level of the 1,000-j.Lm slice incubated with K; of 4.2 mM is similar to the lactate of the 660-j.Lm slice incubated with 20 mM K; , despite a differ ence in glucose utilization of over 30 j.Lmo1/100 gI min. Also, the tissue lactate of 109 nmollmg protein observed in 1 ,000-j.Lm slices incubated in 20 mM K; is significantly higher than in all other conditions despite the observation that glucose utilization of the 1,000-j.Lm slice does not increase as K; in creases from 8 to 20 mM. The mechanism of glucose utilization suppression by acidosis was investigated further by exposing 1 ,000-j.Lm slices to 2DG at pHe 7.4 or 6.1 and deter mining the amount of 2DG and 2DG6P present after 45 min of incubation, using anion exchange column chromatography to separate the two compounds. The results are shown in Fig. 3 . It is apparent that there is no variation in Vct<2DG) with pHe. On the other hand, there is obviously a dramatic drop in Vd(2DG6P) between slices at pH 7.4 and those at pHe 6.1 (p < 0.01). These results clearly indicate that there is no decline in diffusion or cellular up take of 2DG as pHe is reduced, consistent with the lactate results. Suppression of measured glucose utilization appears to occur primarily because of re duced rates of phosphorylation.
To establish whether the suppression of glucose utilization by acidosis is reversible, we exposed 540-j.Lm slices to pHe 6.1 for 45 min, returned the slices to pHe 7.4 for 45 min, and then exposed the slices to 2DG for measurement of glucose utiliza tion. The results, along with appropriate controls, are presented in Table 1 . The suppression of glu cose utilization by exposure to pHe 6.1 is again ob served (p < 0.001). When slices are exposed to pHe 6.1 and then returned to pHe 7.4, there is significant recovery, although not quite to levels observed . Hypothalamic slices were preincubated and then exposed to [14C]2-deoxyglucose at the indicated K! for 45 min, rinsed for 30 min at the same K!, frozen, and extracted with perchloric acid. Glucose utilization was calculated from whole-slice radioactivity with Eq. 1 and lactate was determined by enzymatic assay. Results are means and SO (n = 5).
when the slices are maintained in vitro at pRe 7.4 for the same period of time (p < 0.001).
DISCUSSION
Reduced elimination of metabolic products ac companies impaired delivery of oxygen and glucose during cerebral ischemia. As a result, K + , excitato ry neurotransmitter, lactate, and other substances may accumulate in the ECS, depolarizing neurons and glia and increasing energy consumption. Persis tent glycolysis during hypoxia produces acidosis and excess lactate, which are only slowly removed because of the reduced blood flow. In an effort to separate the effects of acidosis, high K � , and im- Hypothalamic slices, 1,000-l1m thick, were exposed to [4Cj2-deoxyglucose ([14Cj20G) at pHe 7.4 or 6.1 for 45 min and frozen immediately after a very brief rinse. The tissue was extracted with perchloric acid and the supernatant ana lyzed by anion exchange column chromatography to obtain individual measurements of 20G and 2-deoxyglucose-6-phosphate (20G6P). The volume of distribution was calcu lated using the fractional radioactivities, whole-slice protein content, and bath radioactivity. Results are means and SO (n = 6).
J Cereb Blood Flow Metab, Vol. 11, No.3, 1991 paired removal of waste products, we have em ployed brain slices of varying thickness as an in vitro model of ischemia. These studies confirm that the rate of glucose utilization in I,OOO-j..l. m slices at 10 mM glucose is more than double that of 540-j..l. m slices (Newman et al., 1988) . The increased lactate in the thicker slices is consistent with in creased anaerobic glycolysis, but may also reflect reduced lactate efflux from thick slices. Prior stud ies demonstrating accumulation of K � (Lipinski and Bingmann, 1986) and reduced efflux of glucose analogues in thick slices (Newman et al., 1990) il lustrate the potential importance of reduced elimi nation of toxic compounds in the thick slice model of ischemia. Acidosis suppresses glucose utilization in slices of all thicknesses. Despite this dependence of glu cose utilization on pRe' however, lactate accumu lation does not vary within any single slice thick ness and therefore does not correlate with either pRe or the rate of glucose utilization. Because vari- a All values are means ± SD expressed as I1mol/l00 g/min. n 5 5 5 5 b Slices were preincubated for 75 min at pH 7.4 and then [14C]2-deoxyglucose for 45 min at either pH 7.4 or 6.1 with rinse for 30 min at the same pH as the incubation.
c Slices were preincubated for 75 min at pH 7.4, exposed to pH 6.1 or continued in pH 7.4 for 45 min, returned to pH 7.4 for 45 min, and then incubated for measurement of glucose utilization at pH 7.4 for 45 min with 30-min rinse at pH 7.4. ation in slice thickness does alter both glucose uti lization and lactate accumulation, this suggests that influences other than the rate of lactate production must play some role in the lactate accumulation of the thick slices. The results also suggest that acido sis does not significantly affect tissue diffusional processes during ischemia. Suppression of glucose utilization by acidosis could occur because of re duced tissue glucose transport or because of re duced rates of glucose phosphorylation. Our results with 2DG metabolism in slices at pHe 6.1 are not consistent with a role for reduced glucose uptake into tissue as an explanation of glucose utilization suppression. On the other hand, they clearly dem onstrate reduced phosphorylation of 2DG in the presence of acidosis. Since inhibition of hexokinase occurs only below pH 5.7 (Solheim and Fromm, 1980) , it is more likely that inhibition of phospho fructokinase (PFK) by acidosis is the explanation for the lower hexose phosphorylation rates ob served at low pH in this study (Trivedi and Dan forth, 1966) as PFK regulation occurs between pHi 6.95 and 6.25 (Hand and Carpenter, 1986) . Although acidosis inhibits glucose utilization in 1,000-j..L m slices, the rate of glucose utilization in the thick slices at pHe 6.1 is actually higher than in thinner slices at physiological pH. A possible explanation for this result may be that the inactivation of PFK by acidosis is prevented by fructose-2,6diphosphate in association with increased AMP and Pi (Tornheim and Lowenstein, 1976; Soeling et aI., 1981; Yoshino and Murakami, 1985) . Thus, PFK activity is usually inhibited by acidosis, but this inhibition can be "overridden" when there is reduced A TP. During times of reduced removal of substances from the ECS, it is possible that this control mechanism for maintaining adequate tissue ATP contributes to the ultimate destruction of the tissue by permitting anaerobic glycolysis to con tinue, generating high levels of lactate and acid. In our studies, suppression of glucose utilization by acidosis was still reversible after 45 min at pHe 6.1. Future studies should be able to define more pre cisely the range of pHe that produces irreversible injury.
Incubation of brain slices in buffers with high concentrations of K; consistently increases the rates of glucose utilization, although the relation ship to K; is not as simple as that seen with pHe' Experiments in vivo reveal ischemia can raise K; to >50 mM (Hossmann et aI., 1977; Strong et aI., 1983) . Recent studies with brain slices have helped to elucidate the complex sequence of events that occur as K; increases during ischemia. Expo-sure of hippocampal slices to anoxia causes the ma jority of neurons to depolarize followed by 4-12 min of 5-to 15-mV hyperpolarization, which is associ ated with decreased membrane resistance, loss of spontaneous activity, and then of evoked activity, followed within 20 min by slow depolarization and then complete loss of electrochemical resistance if Rm reaches -30 to -40 mV (Hansen et aI., 1982; Leblond and Krnjevic, 1989; Shimoji et aI., 1989) . Raising K; above 6.5 mM increases spontaneous discharges in the CAl region of hippocampus, and spontaneous seizures in CAl neurons, accompanied by bursts of activity from CA3 neurons, are seen when K; exceeds 8.5 mM (Rutecki et aI., 1985; Traynelis and Dingledine, 1988) . The seizures can be inhibited by cutting the Schaffer collaterals, with APV or by lowering the temperature of the slices. In addition to these physiological considerations, further complexity is introduced by the inhomoge neous distribution of K + in the ECS as a function of depth from the surface of the slice. At the center of 900-j..L m slices in buffer with K + of 6.6 mM, K; spontaneously reaches over 15 mM (Lipinski and Bingmann, 1986) .
While increasing K; from 8 to 20 mM signifi cantly increases glucose utilization in 540-and 660-j..L m slices, barely any change occurs in the met abolic rate of 1,000-j..L m slices. This blunted re sponse in 1,000-j..L m slices may occur because the tissue is approaching the limiting rates for glycoly sis or because 20 mM K; is creating injury in the thick slice during the measurement of glucose utili zation so that tissue conditions are changing during the course of the incubation and the net rate of glu cose utilization fails to distinguish an initial intense stimulation followed by suppression. Physiological studies have demonstrated the potential for such a biphasic course of tissue stimulation by K;, with transient hyperexcitability accompanied by in creased orthodromic population spike amplitude, and burst firing following by severely depressed transmission after 5 min of 133 mM K; (Kawasaki et aI., 1988) . Although we have not measured K; in the slice center, it is likely that levels of K + are considerably above the bath concentrations of 4.2, 8, and 20 mM. Unlike the situation with acidosis, there is a reasonably good correlation between lac tate and glucose utilization within each slice thick ness when K; is varied. The highest concentration of lactate found in these experiments was 109 nmol! mg protein, equivalent to � 11 mM, in 1,0OO-j..L m slices exposed to 20 mM K; . The fact that steady state lactate accumulation does correlate with K; at each slice thickness, combined with the lack of correlation between lactate and glucose utiliza tion seen with varying pHe' suggests that altering K; affects efflux of metabolic products from the slice as well as increasing glucose utilization. Efflux may be reduced if there is swelling of neurons or glia due to osmotic changes induced by accumulat ing lactate or influx of ions. Experiments in vivo have demonstrated that cerebral ischemia is accom panied by movement of water from extracellular into intracellular compartments, resulting in shrink age of the ECS by as much as 50% of normal. Such an effect of K; on efflux, if present, should be de monstrable in thick slices by radiotracer kinetics.
Interpretation of the observed metabolic re sponses should include the complex interactions that occur between neurons and glia during isch emia. Under normal conditions, it is likely that glia "buffer" the ECS against large ionic or metabolite changes due to neuronal activity. Depending on lo cal concentrations, the glia can return the com pounds to the ECS for reuptake by neurons or can transport excess metabolites or ions out of the brain parenchyma to capillaries for removal from brain. Under conditions of ischemia, this mechanism of elimination cannot occur so that neuron-glia buffer ing may fail. For example, there is growing evi dence that excess lactic acid may be generated dur ing times of intense neuronal activation (Fox et aI., 1988; Ackermann and Lear, 1989) . Under normal circumstances, lactate may be subsequently used as an energy source (Schurr et aI., 1988) or it can be transported away from brain so that, in either case, no problems arise. During reduced blood flow, however, excess lactic acid cannot be removed and will accumulate, producing complex derangements of glial-neuronal interactions with potential for in jury (Chesler and Kraig, 1989) . As mentioned above, glucose utilization of 1,000-f.I,m slices at pHe 6.1 is higher than glucose utilization of 540-f.I,m slices at pHe 7.4 despite the tendency for acidosis to suppress glucose utilization. It is likely that depo larization of neurons and glia that is occurring as K + and excitatory neurotransmitters increase in the ECS stimulates a variety of energy-consuming pro cesses so that glycolysis continues because of fall ing ATP and rising AMP and Pi' which disinhibit PFK.
The use of any model implies that a certain set of decisions must be made about experimental condi tions. It may be significant that these experiments were conducted in 10 mM glucose, which is mildly hyperglycemic compared with physiological condi tions. Glucose concentration in ECS is usually 4-5 roM, about two-thirds of serum glucose. Similarly, our choice of creating acidosis by reducing the J Cereb Blood Flow Metab, Vol. 11, No.3, 1991 buffer bicarbonate concentration, instead of adding lactic acid, artificially isolates the effect of acidosis from any questions of osmolar response to lactate. However, future comparisons with lactic acidosis may then reveal any effects of the lactate anion it self.
We have attempted to study individual compo nents of ischemia in a brain slice model by indepen dently varying K; and pHe in slices of different thicknesses. The results are consistent with a spon taneous increase in anaerobic glycolysis by 660 f.l,m and reduction in lactate efflux as slice thickness reaches 1,000 f.l,m. Studies involving acidification of the tissue establish that the suppression of glucose utilization by acidosis is due entirely to reversible inhibition of glucose phosphorylation without any effect on glucose uptake into tissue. The experi ments with acidosis also suggest that persistent en ergy demands continue to stimulate PFK despite the low pHe so that glycolysis continues, with po tential for acidotic injury. Elevation of K; stimu lates glucose utilization. It also appears to increase accumulation of lactate and, presumably, other sub stances by an independent mechanism. A large number of questions remain to be addressed with this metabolic brain slice model of ischemia. These studies should be extended to brain regions that are more commonly involved in cerebral ischemia, such as hippocampus and parietal cortex. Histolog ical studies and direct measurements of O2 con sumption and of K; and pHe are needed for more precise interpretation. The threshold for irrevers ible injury by acidosis should be more clearly de fined and the effects of K; and buffer glucose con centration on efflux from the intracellular and ex tracellular compartments determined. Such measurements, when added to in vivo experiments and other in vitro experiments with anoxic thin brain slices and cell culture models, should help to improve our understanding of ischemia and help to devise a rational strategy for tissue protection dur ing ischemia and reperfusion.
